Recently, subwavelength photonic integration devices based on nanowires/nanofibers have been comprehensively investigated for use as optical diodes, logic gates and other functional components for future optical computers and eventually all-optical communication, relying on their natural 1D features and advantageous photonic properties, such as their optical waveguide and micro-nano laser source capabilities[@b1][@b2]. In general, suitable micro-nano materials with advanced optical waveguide and light source functionalities are critical to producing functional devices. Special materials and structures are often required based on specific functionalities, which presents a challenge to nanomaterial scientists. For example, the design of a white-light source in a 1D configuration poses a great challenge[@b3][@b4][@b5][@b6][@b7][@b8]. First, simple band-band emission in a single semiconductor micro-nano unit is not possible because of the band edge emission characteristic. Second, it is difficult to achieve white emission in 1D homogeneous structures in a simple manner using common approaches such as doping an active host material with several types of fluorescent dyes or designing semiconductor nanocrystals with various sizes and composites (relying on surface-state and mixed multi-spectral emission)[@b9][@b10][@b11][@b12][@b13][@b14][@b15].

Therefore, an approach for achieving low-dimensional micro-nano white-light sources for application in photonic integration circuits is greatly desired[@b16][@b17][@b18][@b19][@b20][@b21]. Ideally, a multi-color optical waveguide property would also be simultaneously achieved. Here, we report an important achievement based on previous work, in which we designed 1D tapered Al~4~O~4~C ceramics via the VLS (vapor-liquid-solid) process as a new type of blue-light emitter[@b22]. Here, we engineered the electronic structure of this material via Si atom doping, resulting in new levels in the fundamental bandgap and the conduction band, as revealed by CL (cathode luminescence) spectroscopy. A single Al~4~O~4~C nanowire with a Si dopant displayed full-color (ultraviolet to red) light emission behavior when excited by cathode electrons, which corresponds to white light in the CIE-1931 chromaticity diagram with a correlated color temperature of approximately 8000 K. When blue, green and red lasers were imported into the nanowire by coupling between a nanowire and a tapered optical fiber, excellent optical waveguide behavior was observed. Quantitative measurements indicate that the propagation efficiencies of a single nanowire with a length of approximately 50 µm were 80.9%, 85.3% and 91.2%. Therefore, Si-doped Al~4~O~4~C is a good candidate for use as a white-light source and as a waveguide interconnection for future photonic devices.

Results
=======

Characterization of the Al~4~O~4~C:Si 1D nanostructures
-------------------------------------------------------

Scanning electron microscopy (SEM) characterization reveals that hedgehog-like nanowire balls are distributed on the substrate. Upon closer inspection, most of the nanowires are observed to exhibit a gentle cone profile with a large aspect ratio. A typical nanowire is as long as 100 µm with a diameter of less than 1 µm. As shown in [Fig. 1](#f1){ref-type="fig"}, some of the 1D structures exhibit a regular quadrangular prism shape, whereas others have one zigzag face. The as-prepared sample was analyzed using X-ray diffraction (XRD), from which signals corresponding to Al~4~O~4~C (PDF\#48-1583), W~2~C (PDF\#65-3896), WC (PDF\#65-4539) and W (PDF\#04-0806) were detected, as displayed in [Fig. 2(a)](#f2){ref-type="fig"}. No distinguishable peak shift was observed; Al~4~O~4~C is the main product, and the W~2~C and WC phases are the accompanying products due to carbonization of the W substrate, which has been described in detail elsewhere[@b23]. Further characterization using transmission electron microscopy (TEM) and Raman spectroscopy confirmed that all of the nanowires consisted of Si-doped Al~4~O~4~C.

We selected a single nanowire for the Raman spectroscopy investigation, as shown in [Fig. 2(b)](#f2){ref-type="fig"}. The blue curve represents the Raman spectrum of the pure Al~4~O~4~C needle[@b22], and the red curve represents data from a single nanowire. A comparison of the spectra reveals that almost no shift occurs, confirming the presence of the Al~4~O~4~C phase. Subtle differences, such as the absence of several weak peaks compared with the blue curve, may originate from the thinner diameter and the presence of the Si dopant.

TEM can be used to perform elemental and structural analysis on a single nanostructure. Here, high-resolution TEM (HRTEM) and EDS mapping methods were employed, as shown in [Fig. 3](#f3){ref-type="fig"}, and [1D](#f1){ref-type="fig"} nanostructures with different profiles were investigated. [Figs. 3(a--d)](#f3){ref-type="fig"} present analytical results for a single nanostructure with a regular quadrangular prism shape, and [Figs. 3(e--h)](#f3){ref-type="fig"} present results for a single irregular quadrangular prism nanostructure with one zigzag face. Notably, the nanowire with smooth facets has a thicker body. Selected area electron diffraction (SAED) patterns and HRTEM images confirmed that both of these structures have the same crystal lattice, orthorhombic Al~4~O~4~C. Further EDS line scanning and EDS mapping revealed that a certain proportion of Si atoms (\~0.1% mol%) is included in the lattice. Based on the above characterization, we believe that the 1D nanostructures are Si-doped Al~4~O~4~C.

Discussion
==========

To investigate the luminescence performance and the electronic structure, we applied cathode electrons to excite a single 1D nanostructure, utilizing its micro-domain analysis advantages. For units with different profiles, CL images were recorded, as shown in [Fig. 4](#f4){ref-type="fig"}. [Figs. 4(a) and (b)](#f4){ref-type="fig"} present SEM images of nanowires with different profiles, and [Figs. 4(d) and (e)](#f4){ref-type="fig"} present corresponding CL images. [Fig. 4(f)](#f4){ref-type="fig"} shows a CL image of several nanostructures stacked together, as displayed in [Fig. 4(c)](#f4){ref-type="fig"}, for which all of the nanostructures exhibit the same light emission behavior. Additionally, the emission spectra were recorded to confirm the consistency among different units. As expected, all of the spectra exhibit the same profile, as illustrated in [Fig. 5(a)](#f5){ref-type="fig"}. The cathode-electron irradiation clearly yields light emission from the ultraviolet to red region. After adjusting the spectrum to the CIE 1931 chromaticity diagram, as shown in [Fig. 5(b)](#f5){ref-type="fig"}, the emission spectrum was determined to be in the CWF (cool white florence) region in the chromaticity diagram, with a CCT (correlated color temperature) of approximately 8000 K. The three vertices of the red triangle represent the coordinates of the pure green, red and blue light regions according to the National Television Systems Committee (NTSC). The red square at the coordinate of (0.33, 0.33) represents pure white light with a CCT of approximately 5600 K. The black triangle represents the coordinate of our spectrum, which is consistent with CWF in the industrial LED field. [Fig. 5(c)](#f5){ref-type="fig"} presents the CL spectra of pure Al~4~O~4~C (red line) and the Si-doped phase (blue line), which display an obvious difference. Both of the emission spectra exhibit a similar peak corresponding to band-band transitions at 420 nm and 418 nm, respectively. There are two additional peaks in the Si-doped phase at 331 nm and 620 nm, which implies that the introduction of Si atoms results in several levels within the fundamental bandgap and even in the conduction band that are available for radiative transition. Based on the CL spectrum, we can use [Fig. 5(d)](#f5){ref-type="fig"} to illustrate the possible transition process, as indicated by the colored dotted arrows.

The Si-doped Al~4~O~4~C nanowires display a broadened emission spectrum ranging from the ultraviolet to red region compared with pure Al~4~O~4~C needles. This broadening originates from the creation of impurity levels due to the introduction of Si atoms. According to the CL results, we believe that the new levels may be close to the bottom of the conduction band and may even penetrate into the conduction band, such that the emission spectrum is widened toward shorter wavelengths. In addition, the light emission behavior implies that a lower level is introduced. The significant dissimilarity between the light emission spectra of pure Al~4~O~4~C and Si-doped Al~4~O~4~C suggests that the photoelectric performance of Al~4~O~4~C can be tuned through doping and that other strategies may be used to design various types of Al~4~O~4~C-based materials with special photoelectric functionalities.

Achieving full-color emission from a single nanowire is a great breakthrough and may be advantageous if used as a white-light source in future photonic devices compared with present strategies such as complicated multi-phase composite materials and simple blends of various luminescence materials[@b23]. Furthermore, the multi-color light waveguide ability is a fundamental property for future photonic elements, such as interconnections[@b24]. Therefore, if the waveguide ability of Si-doped Al~4~O~4~C nanowires is confirmed, this would present another advantage. As demonstrated in [Fig. 6](#f6){ref-type="fig"}, a single nanowire was mechanically dispersed on a quartz substrate coated with MgF~2~ film. Utilizing optical microscopy assembled with a CCD, it was then easy to drive a tapered optical fiber to help launch the laser into the nanowire via coupling with one end of the nanowire, which has been developed as a technique for manipulating lasers in the micro-domain[@b25][@b26]. [Figs. 6(a--c)](#f6){ref-type="fig"} present optical images collected for various *P*~1~ (input power) values for blue (473 nm), green (532 nm) and red (650 nm) lasers, respectively, for which different *P*~2~ (output power) values were observed. To quantitatively estimate the propagation efficiency (η) through the nanowire, another tapered fiber was utilized to collect light at the emitting end, as illustrated in [Fig. 6(d)](#f6){ref-type="fig"}. [Fig. 6(e)](#f6){ref-type="fig"} presents an optical image of the experimental configuration. The quantitative analysis shown in [Figs. 6(f, g, h)](#f6){ref-type="fig"} indicates that there is a linear relationship between *P*~1~ and *P*~2~, and the efficiency (*P*~2~/*P*~1~) remains constant for a given wavelength, for which *P*~1~ and *P*~2~ were calculated based on the coupling efficiency (34.6%) between the tapered fiber and the end of the nanowire[@b26]. For the nanowire, the propagation efficiency of the blue light was estimated to be 80.9%, whereas values of 85.3% and 91.2% were obtained for the green and red lasers. The propagation loss primarily resulted from the light absorbing and scattering effect of the nanowire. The multi-color laser transport properties in addition to the full-color light emission behavior suggest that Si-doped Al~4~O~4~C 1D nanostructures can act as all-rounders in future photonic devices.

In summary, we achieved full-color light emission with a single nanowire by engineering the electronic structure using available doping technology. The CL spectrum ranges from the ultraviolet to the red region, which is attributed to CWF with a CCT of approximately 8000 K. Moreover, multi-color light guide performance was investigated for a single nanowire using the tapered light fiber coupling method. Blue, green and red lasers can propagate along the nanowire and exit at the other side. These results demonstrate the opportunity for developing new 1D inorganic nanomaterials with tunable photonic performance, which may be applicable to future photonic devices.

Methods
=======

The Si-doped Al~4~O~4~C sample was prepared in a furnace, as demonstrated in our previous work[@b27]. A piece of an Al sheet (30 mg) was placed on a ceramic sheet with SiO powder (5 mg) on the side. Tungsten (W) foil was used as the substrate, located 50 mm away from the Al source. The ceramic sheet was pushed into a semi-closed corundum tube with the W foil toward the open side. Prior to the above process, the inner wall of the tube was scratched several times by steel tweezers to introduce Fe (catalyst) into the system. The entire assembly was placed in a furnace with the Al sheet at the center area of the graphite heater. After the chamber was pumped to \~10 Pa, the furnace was heated to 1310°C step by step over 60 minutes; the temperature was then held for 120 minutes. When the temperature increased to 350°C, CH~4~ and H~2~ were introduced at flow rates of 100 sccm and 5 sccm, respectively, and the pressure of the chamber was maintained at approximately 220 kPa (±1 kPa) until the entire process was complete. The product was located on the W substrate.
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![SEM images of the product on the W substrate.\
(a) A single radical flower composed of nanowires, (b) a closer view of the nanowires, and (c) and (d) low-magnification images of several nanowire flowers distributed on the W substrate.](srep06833-f1){#f1}

![Phase analysis of the sample: (a) XRD pattern and (b) Raman spectra of an Al~4~O~4~C micro-nano taper and a single Si-doped Al~4~O~4~C nanowire.](srep06833-f2){#f2}

![TEM characterization of the structure and composition of two nanowires.\
(a) Low-magnification image of a single nanowire; the inset shows the corresponding SAED pattern; (b) HRTEM image of the nanowire from (a); (c) and (d) EDS line scans and mapping analysis of a single nanowire, which imply that Si atoms are distributed in the lattice; (e--h) characterization results of another nanowire with a zigzag profile, obtained using the same methods.](srep06833-f3){#f3}

![CL investigation of the samples.\
(a--c) Three sets of nanowires selected for application of the CL test. (d), (e) and (f) CL images corresponding to (a), (b) and (c). The scale bars are 2 µm.](srep06833-f4){#f4}

![CL spectrum analysis.\
(a) CL spectrum of the nanowires shown in [Fig. 4(c)](#f4){ref-type="fig"}, which illustrates full-color emission from the ultraviolet to infrared region. (b) Color temperature characterization and coordinate of the emission spectrum when adjusted in the chromaticity diagram 1931. (c) Comparison between the CL spectra of the Al~4~O~4~C micro-nano taper and Si-doped Al~4~O~4~C nanowires. (d) Speculated electronic structure differences between the two phases; the possible transition level is determined based on the light emission.](srep06833-f5){#f5}

![(a1--a3) Optical images obtained using a 473-nm laser with various powers. (b1--b3) Optical images obtained using a 532-nm laser. (c1--c3) Optical images obtained using a 650-nm laser with various powers. (d) Illustration of the experimental configuration for the efficiency measurement, in which *P*~1~ and *P*~2~ represent the input and output laser power through the nanowire, respectively, and P~in~ and P~out~ represent the laser power transported across the fiber. (e) Optical image of the assembly, in which the blue arrows indicate the coupling sites between the nanowire and the tapered fibers. (f) Quantitative analysis of the propagation efficiency of the 473-nm light through the nanowire; the right axis "η" represents the transmission efficiency as recorded by the black squares. (g) Quantitative analysis of the propagation efficiency of the 532-nm laser. (h) Quantitative illustration of the propagation efficiency of the 650-nm light.](srep06833-f6){#f6}
